Article abstract-We used magnetic resonance imaging (MRI) and water-suppressed proton magnetic resonance spectroscopic imaging to study the effects of human immunodeficiency virus (HIV) infection on the brains of 10 individuals with cognitive impairment due to HIV and seven normal controls. 'H spectra from nine 2.5-ml volumes in the centrum semiovale and the mesial cortex showed significantly reduced N-acetylaspartate (NAA) relative to choline and creatine in the cognitively impaired HIV-infected subjects. This reduction was due to a nonlocalized decrease of NAA in these patients, only two of whom had moderate atrophy and white matter signal hyperintensities on MRI. Since NAA is a putative neuronal marker, the findings suggest neuronal damage in early stages of HIV infection that is not evident on standard MRI and are consistent with the neuropathologically known neuronal loss.
Infection with the human immunodeficiency virus tHIV) frequently involves the CNS.' Subacute encephalitis due to HIV may cause diffise leukoencephalopathy of thedwhite matter with myelin loss or ill-defined areas of demyelination, accompanied by loss of axons, gliosis, and infiltration with multinucleated giant cells. Axonal disruption may cause wallerian (anterograde) degeneration. Recent studof white matter using in vivo phosphorus 31 magnetic resonance spectroscopy (31P MRS) suggest that HIV infection may impair cellular energy metabolism and that the degree of metabolic compromise may be related to the severity of neuropsychiatric impairment. H N also affects the cerebral rtex. In two postmortem studies of HIV-infected rains, neuron density in the frontal cortex was educed by 18%4 and 38%,5 regardless of the presce of concomitant HIV encephalitis. In patients ith HIV encephalitis, average thickness of the eocortex was reduced by 20%. 6 Atrophy was minia], in part because of replacement of neurons with glia. Proton (hydrogen 1) magnetic resonance imaging (MRI) in H N infection may reveal structural and anatomic abnormalities, such as focal and diffuse atrophy, diffise white matter pallor, periventricular white matter signal hyperintensities (WMSHs), and other focal hyperintensities, due to the presence of neoplasm^.^^^ However, the brains of most HIV-infected individuals appear normal at MRI. [9] [10] [11] [12] This suggests that MRI is unable to detect the common neuropathology of HIV, which is loss of neurons in cortex and loss of mons in white matter tis-S U~.~-~ Since the compromised neurons are to a large extent replaced by glial cells ( g l i~s i s ) , ' -~J~J~ the resulting atrophy detected by MRI is minimal.
To assess neuronal density in vivo in HIV-infected individuals, a noninvasive imaging modality is needed that can distinguish neurons from glia.
In vivo water-suppressed proton magnetic resonance spectroscopy ('H MRS) holds such promise. The most prominent resonance in a 'H MR spec- F VICKERS m trum of the normal human brain is from compounds containing a n acetyl moiety bound to a nitrogen atom (N-acetyl). The primary contributor to this resonance is the amino acid N-acetylaspartate (NAA). Evidence suggests that it is only found in neurons and not in mature glial cells15-17 and thus is a potential marker of neuronal density. In the cortex, NAA is located in neuronal cell bodies, whereas in the white matter it is located largely in a x o n~.~8 J~ 'H MRS also measures creatine (Cr) (as a sum of phosphocreatine and creatine) involved in cellular energy metabolism and choline (Cho), a molecular moiety found in compounds involved in biomembrane metabolism.
In this study, we used both MRI and 'H magnetic resonance spectroscopic imaging ('H MRSI) of a 17-mm thick section through the supraventricular cerebrum to test the hypothesis that NAA is reduced in HIV-infected individuals with cognitive impairment. Such a finding may indicate a loss of neuronal density or viability, or both. Furthermore, standard MR images were analyzed for atrophy to test the hypothesis that loss of NAA in cognitively impaired HIVseropositive (CISP) individuals is a more sensitive marker of HIV effects than is atrophy.
Methods.
Subjects. All subjects gave prior informed consent (approved by the Committee on Human Research a t UCSF). Fourteen HIV-seropositive men (mean age, 38 ? 9 years [fSD]) were recruited from the HIV clinic and via flyers distributed with hot meals to impaired HIVseropositive patients in the community. At the time of the study, four of the HIV-seropositive subjects were still working, four had a n AIDS-related-complex diagnosis, and none had yet developed opportunistic infections. Twelve subjects complained of significant memory loss, with 10 reporting medical problems including fatigue, weight loss, balance difficulties, d i a r r h e a , t h r u s h , headaches, swollen glands or lymph nodes, shigellosis, lymphoma, and hairy leukoplakia. Given this clinical picture, the HIV-seropositive individuals were distributed among CDC stages 11, 111, IV A, and IV B. Controls were healthy HIV-seronegative volunteers (five men, two women; mean age, 33 -+ 10 years). Both groups were screened to exclude individuals with current or past history of medical, neurologic, or psychiatric disorder or alcohol or substance abuse, except for current medical and neuropsychiatric problems clearly secondary to the HIV infection.
NeuroosvcholoPical assessments. Subjects were administered 14 neuropsychological tests measuring a wide range of cognitive skills, including attention, concentration, memory retention, verbal language, problem solving, visuomotor and visuospatial skills, and fine motor ability: WAIS-R Digit S p a n , WAIS-R Digit Symbol, Shipley Institute of Living Scale, finger tapping, grip strength, Rey-Osterrieth Complex Figure, Luria impairment, 2 to 5 = mild impairment, 6 to 9 = moderate impairment, and 10 or more = severe impairment. The groups' degrees of impairment were as follows: four subjects had no impairment (asymptomatic HIV-seropositive
[ASP]) (mean age, 40 f 12 years); five subjects had mild impairment; three subjects had moderate impairment; and two subjects had severe impairment. Mean age of the 10 impaired (CISP) subjects was 37 f 6 years. Given the relatively high socioeconomic and educational levels of the Bay Area homosexual population, this assessment a n d screening scheme was conservative, tending to underestimate the degree of cognitive impairment.
Magnetic resonance.
All MR studies were performed on a whole-body, 2-tesla MRI/MRS system (Philips Medical Systems, Shelton, CT). The procedures for MRI a n d 'H MRSI21.22 were t h e s a m e a s previously described,23 except for the following modifications: the sections for transverse MRI were angulated along the canthomeatal line. Data processing. The MRSI data and transverse MR images were further analyzed using home-written spectroscopic imaging display s0ftwa1-e.~~ The MRSI spectral dimension was zero-filled to 1,024 points; both spatia dimensions were zero-filled to 32 points. A 1-Hz expoi tial line broadening was applied in the time domain. both spatial domains, a mild gaussian multiplication used, corresponding to a broadening of 1 mm and res ing in a final effective voxel size of approximately 2.5 After Fourier transformation in spectral and spa dimensions, two-dimensional MRS images were cren by integration over selected spectral regions. For spatid selection of the spectra to be analyzed, the spatially COP related summed MR images (composed of three thin MN sections) was used exclusively. Spectra were extracted from nine voxels within the VOI overlaid on the MRI.
The location and size of the analyzed voxels are indicated on the transverse MRI shown in figure 1B. Voxels wen selected in the following way: three voxels from the mid. o that they contained as much gray matter (appearing lright on T,-weighted MR images) as possible, avoiding ihite matter tissue. The six lateral voxels were selected o that they contained a maximum of white matter tissue appearing dark on the T,-weighted MR image), avoiding arge sulci. The nine extracted magnitude spectra were hen transferred to a workstation equipped with NMRl oftnare (New Methods Research, Syracuse, NY) for iutomated line-fitting and peak area determination. :allowing m a n u a l s e t t i n g of t h e baseline midway hrough the noise, three gaussian peaks were fitted to he three major resonances in the spectra (Cho, Cr, and irimarily N U ) . The peaks were fitted with gaussian ather than lorentzian lines because they are due to muliple compounds, and because spectral residuals after ine-fitting were smaller with fitting gaussian linehapes. Peak areas were derived from the NMRl softPare in a r b i t r a r y units; no intensity s t a n d a r d was ncluded in the studies. Since absolute peak areas are iffected by possible long-term spectrometer instabilities, cak area ratios were used for primary data analysis. Statistical analysis. Repeated measures of analysis of 'ariances (ANOVA) were used to compare metabolite atios and metabolite peak areas by location and groups. .o 1 n I o arily due to ex The reduced N M C h o and NAAICr in CISP 3atients compared with HIV-seronegative controls, ,ogether with the virtually identical Cho/Cr in both g-oups (1.43 f 0.10 in the CISP group versus 1.43 f 1.23 in the controls), indicate an underlying differ3nce involving NAA concentrations. To examine krther the a priori hypothesis (see introduction) of reduced NAA in CISP individuals, an ANOVA of absolute metabolite integrals was performed. As in the analysis of ratios, all interactions of metabolite Integrals involving group and location were nonjignificant (all p's < 0.25), indicating that group differences were not differentially present in specific brain regions. For NAA, but not for Cho or Cr, there was a trend toward reduced integrals in the cognitively impaired group (0.38 f 0.04 versus 0.42 c 0.04; t,, = 1.94; p = 0.071, corresponding to a 10% reduction of the NAA signal integral.
NAA ratios and integrals for the four ASP patients in this study were not significantly different from those for controls or CISP subjects. When incorporated into the analysis of HIV-seropositive subjects versus HIV-seronegative controls, the effects of group differences of NAAICho and NAAiCr were diluted. N M C r was reduced by only Although the number of subjects studied was small, there was a strong (but insignificant) correlation between N M C h o and CD4 percent (r = 0.51: p = 0.074; n = 13 [one subject had no CD4 assessment]). However, this correlation was primarily due to extreme values of N M C h o for two patients. A very weak trend for a correlation of NAAiCho with cognitive impairment (r = -0.29; p = 0.32) was obselved. In addition, over all controls and HIV-infected individuals (n = 21), there was a significant negative correlation between age and NWCr (r = -0.46; p = 0.035) and no correlation between age and N M C h o (r = -0.02).
Discussion. Significantly reduced ratios of NWCho and N M C r were found in a group of 10 CISP individuals in relatively early stages of the disease compared with age-matched HIV-seronegative controls. The results suggest nonlocalized neuronal damage in patients with cognitive impairment secondary to HIV infection. This report is the first demonstration of noninvasive imaging of a naturally occurring marker of neurons in the brain of HIV-seropositive patients.
The imaging nature of the spectroscopic technique allowed examination of a large section of the brain in situ, avoiding the usual focus of autopsy studies on small preselected brain regions. The data showed reduced NAAICho and N M C r in the supraventricular brain slice studied, including midline voxels containing mesial cortex neurons, and voxels in both hemispheres containing predominantly white matter. Analysis of the absolute signal integrals showed that this difference resulted from a 10% reduction of the signal integral from NAA in the CISP group, with integrals for Cho and Cr virtually unchanged. The findings are consistent with an overall reduction in the number of neurons found in neuropathologic studies, which demonstrated cortical thinning in HIV-infected individual^.^-^ The results leave open the question of whether there is a real reduction of neuronal densityINAA concentration in cognitively asymptomatic HIV-seropositive patients.
Neuronal loss was recently reportedz6 in two HIV-seropositive patients with clinical but without MRI evidence of CNS involvement. 'H MRS spectra from two large volumes in the parietal lobe from an area that appeared normal on MR images showed reduced N M C h o and N M C r relative t o normal controls. In the current study, a larger patient group was examined and spectra were obtained from smaller voxels throughout a larger section of the brain. This enabled spatial mapping of NAA, suggesting nonlocalized neuronal damage secondary to HIV infection.
In our cohort of 10 CISP patients without opportunistic infections, 80% had normal T,-weighted MR images, while 20% showed atrophy a n d WMSHs, adding further evidence to the fact that cognitive impairment due to HIV infection is rarely manifest on MR images as abnormal anatomy.6,9J3J4,27.28 Due to the ability to measure the neuronal marker NAA, lH MRSI may be specifically sensitive t o neuronal damage. Ninety percent of the CISP patients had NAA/Cho below the normal means, and 40% had values outside the range of the normal controls. 'H MRSI thus seems more sensitive t h a n T,-weighted spin-echo MRI in assessing early effects of HIV infection on the brain. It may become an objective measure of neuronal involvement in HIV disease as well as in other dementing illnesses, such as Alzheimer's disease.z9
The primary statistical analysis in this study was performed on metabolite ratios that are not affected by long-term instrumental instabilities. The secondary analysis of absolute metabolite integrals revealed a strong trend toward a reduction of the NAA signal integral in the CISP individuals relative to HIV-seronegative controls ( p = 0.07), with no difference between groups in Cho and Cr integrals. Both analyses taken together suggest a selective replacement of neurons by glial cells not containing NAA. The ANOVA of NAA integrals underestimates the full HIV effect, since the precision of the estimate of the NAA effect is reduced because of long-term instrumental instability incorMarch 1995 NEUROLOGY 43 513 porated into the error term.
Although the observed reduction of NAA signal intensity in the brains of CISP patients is consistent with neuropathologically known neuronal ~o s s ,~~ alternative interpretations need to be considered. We do not believe that the results are due to selective changes in either T, or T2 relaxation times of NAA in the brains of CISP individuals. Such scenarios would require changes in relaxation times specific to the NAA resonance, with Cho or Cr resonances, which come from the same voxel and tissue as NAA, being unaffected. The NAA resonance includes weak signals from other Nacetyl-containing metabolite^.^^ Changes in concentrations, relaxation times, or both, of compounds other than NAA could conceivably account for part or all of the observed reduction of NAA signal intensity secondary to HIV infection.
Interpretations other than frank neuronal loss include loss of dendritic arborization, vacuolation6 or degeneration of axons,' or both, and a reduction of NAA concentration within intact neurons. In this regard, presynaptic terminal loss in frontal cortex and degeneration of axons were reported in patients with AIDS dementia complex.6 Because of its inherently low spatial resolution, MRS is only sensitive to the amount of signal-producing tissue rather than its structure or fine pattern on a cellular level. Our preliminary findings, however, seem to suggest that there is no differential loss of NAA between midline voxels of the mesial cortex and lateral volumes in white matter tissue, indicating that neuronal cell bodies and axons may be affected to approximately the same extent.
For the prognosis and treatment of HIV infection of the brain, it is of critical importance to distinguish between loss of neurons and decrease in the number and size of neuronal structures. While lost neurons are not replaceable, rearborization of dendritic structures may be possible if the morbid process is arrested. In this regard, it would be of interest to know how NAA concentrations parallel the amelioration of HIV-related cognitive impairment secondary to zidovudine treatment.31 To optimize treatment effectiveness, treatment should be initiated as early in the disease process as possible. This requires early detection of brain involvement. If this proves possible with 'H MRSI, and if lH MRSI can detect degeneration of neuronal structures before irreversible neuronal loss occurs, treatment could be initiated to arrest or reverse neuronal dysfunction, with 'H MRSI employed to monitor outcome.
In conclusion, l H MRSI appears to be promising as a new neuroimaging modality more sensitive than spin-echo MRI to early brain effects of HIV infection. Significantly reduced NAA relative to 
